
Jet-Disk Connections 
& 

XRB Jets



The Frustrating Five

• Jet launching (spin? magnetic flux? state?)


• Jet collimation


• Jet speed


• Jet power


• Jet composition



Jet-launching

Wjet / B2a2M2 ⇠ f(ṁ)



Jet-launching

Wjet / B2⌦R3 ⇠ f(ṁ)
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Figure 8. The evolution of the emission properties of V404 Cyg on June 22. Top to bottom the panels represent radio light curves,
(sub)-mm light curves, optical light curve (Kimura et al. 2016), soft and hard X-ray light curves, and the 10-15/5-10 keV and 60-100/25-60
keV hardness ratios (Rodriguez et al. 2015). Our modelled ejection times are shown by the dotted vertical lines, where the uncertainties
on the ejection times are smaller than the line thickness.
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Radio-X-ray-Timing

(Hynes et al. 2004, 2009; Corbel et al. 2008), and one from the
VLA/NuSTAR in 2013 (Rana et al. 2016). We also adopt X-ray
spectral parameters from the literature based on three additional
X-ray observations taken pre-outburst from Chandra, XMM-
Newton, and Suzaku (Reynolds et al. 2014) and one Chandra
observation taken after the outburst in 2015 November
(Tomsick et al. 2015; see Section 3.4.3).

3.4.1. Corbel et al. (2008)

Corbel et al. (2008) assemble a total of 20 epochs of quasi-
simultaneous radio and X-ray observations of V404 Cygni
during the decay of its 1989 outburst, with luminosities ranging
from < < -L10 10 erg s34

X
37 1. Although the statistical mea-

surement errors on each data point are typically ≈10%, we
adopt larger uncertainties here, to account for the radio and
X-ray data not being strictly simultaneous, and to account for
the lack of detailed spectral information for each data point.
Following Gallo et al. (2014), we adopt errors of 0.15 and 0.30
dex on each radio and X-ray luminosity, respectively. Corbel
et al. (2008) also re-examine strictly simultaneous Chandra and
VLA observations of V404 Cygni in quiescence from 2003
July 28–29 (56 ks with Chandra and 14 hr with the VLA; also
see Hynes et al. 2004, 2009). We adopt their X-ray and radio
flux measurements, including a 3–9 keV X-ray flux of

´-
+ - - -1.79 10 erg s cm0.06

0.13 13 1 2 and a radio flux density of
0.193±0.022 mJy at 8.4 GHz (they find a radio spectral index
of a = o0.29 0.46r ). For placing these observations onto the
radio/X-ray plane, the above fluxes correspond to X-ray and
radio luminosities of = ´ -L 2.8 10 erg sX

32 1 (1–10 keV) and
= ´ -L 1.1 10 erg sR

28 1 (8.4 GHz). We adopt 30% systematic
uncertainties on these X-ray and radio fluxes to account for
variability in each band during the strictly simultaneous
observations (0.13 dex).

3.4.2. Rana et al. (2016)

Rana et al. (2016) present VLA observations in quiescence
taken on 2013 December 2, along with three epochs of
NuSTAR X-ray observations (2013 October 13, October 14,
and December 2) and one epoch of XMM-Newton observations
(2013 October 13). Here, we only consider their simultaneous
radio and X-ray epochs from December 2, which includes 9 hr
with the VLA and 25 ks with NuSTAR.
Their VLA observations are from 5 to 8 GHz, and they

provide radio flux density measurements at four central
frequencies (each with 512MHz bandwidth; see their Table
3). To compare to 8.4 GHz flux densities from our 2015
campaign, we fit a powerlaw to their published 5–8 GHz radio
spectrum, using the same routine described in Section 2.5.1.
We find a radio spectral index a = - o0.27 0.05r and

= of 0.274 0.0828.4 mJy ( = ´ -L 1.6 10 erg sR
28 1).

For the X-ray flux coinciding with their VLA observation,
we estimate an absorbed 3–10 keV X-ray flux of

´ - - -2.5 10 erg s cm13 1 2 during their December 2 NuSTAR
epoch (see their Figure 6). Using their best-fit power-law
spectrum to V404 Cygni in quiescence ( = ´N 1.2H

-10 cm22 2 and G = o2.12 0.07; 90% confidence), we
estimate = ´ - - -f 5.4 10 erg s cm1 10 keV

13 1 2
– ( = ´L 3.7X

-10 erg s32 1). The difference in NH obtained by Rana et al.
(2016) compared to our best-fit NH in Section 2.4 is because
Rana et al. adopt Wilms et al. (2000) abundances during their
fits, and we adopt Anders & Grevesse (1989) abundances (see
Appendix A). We add 30% systematic errors (0.13 dex) to both
the radio and X-ray luminosities to account for variability.

3.4.3. Quiescent X-Ray Spectra

Reynolds et al. (2014) take a comprehensive look at four pre-
outburst X-ray spectra, obtained by Chandra, XMM-Newton, and
Suzaku. Over these four epochs, they find 0.3–10 keV X-ray
fluxes ranging from ´ ´- - - -0.8 10 3.4 10 erg s cm12 12 1 2– ,
and Γ ranging from 1.95 to 2.25. They also perform a joint
spectral fit to these four spectra, forcing a common column
density and power-law component, obtaining G = o2.05 0.07
and = o ´ -N 1.15 0.07 10 cmH

22 2( ) (90% confidence). We
adopt G = 2.05 as the “canonical” pre-outburst X-ray spectrum.
Although Reynolds et al. (2014) favor a larger column density
than our study (likely because they adopt different abundances,
from Asplund et al. 2009), adopting their G = 2.05 will not
systematically influence our conclusions. Earlier studies based on
the same pre-outburst Chandra (two epochs) and XMM-Newton
observations (1 epoch) quote best-fit column densities similar to
our study— ´-

+0.75 100.08
0.15 22 and o ´ -0.81 0.01 10 cm22 2

from Chandra (Corbel et al. 2008), and o ´0.88 0.6
-10 cm22 2 from XMM-Newton (Bradley et al. 2007). Those

earlier studies find photon indices of G = o2.1 0.3, 2.17±
0.13, and 2.09±0.08, respectively, which are consistent with the
range of Γ in Reynolds et al. (2014).
We also include a Chandra observation of V404 Cygni

obtained by Tomsick et al. (2015) on 2015 November 27 (obsID
17245; PI Tomsick; note that this was 26 days before V404 Cygni
flared again on 2015 December 23; Beardmore et al. 2015b). This
post-outburst observation shows X-ray properties similar to pre-
outburst, including = o ´ -N 1.1 0.3 10 cmH

22 2( ) (using
Wilms et al. 2000 abundances), G = o2.0 0.3 (90% con-
fidence), and an absorbed 0.3–10 keV flux of ´7.6

- - -10 erg s cm13 1 2. When we display values from Reynolds

Figure 6. Cross-correlation function (CCF) for the strictly simultaneous X-ray
and radio light curves on August 5. Negative time delays mean that the radio
emission lags the X-ray emission. The CCF shows marginal evidence for the
radio emission lagging the X-ray by 15±4 minutes (the shaded region
illustrates the ±1σ confidence interval on the time delay). The solid and dashed
horizontal lines mark the p=0.01 and p=0.05 probabilities, respectively,
that the CCF peak is due to random fluctuations and/or uncorrelated variability
(see Section 3.2.1).
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in order to investigate how non-simultaneity may influence the
radio/X-ray correlation. We find the difference to be
negligible, and well within the attributed measurement errors
and scatter about the luminosity correlation: the radio
luminosities are hardly affected, and no X-ray luminosity
changes by more than 0.2 dex. We similarly do not find any
impact to the radio/X-ray correlation if we consider periods of
strict overlap after removing the 15-minute radio time delay.

3.4. Comparison Observations from the Literature

Here, we describe comparison data from other X-ray and
radio campaigns on V404 Cygni in the literature. Our
comparison data is comprised primarily of quasi-simultaneous
radio and X-ray observations from the 1989 outburst, as
compiled by Corbel et al. (2008), and two epochs of
simultaneous radio and X-ray observations in quiescence
(pre-2015 outburst), one from the VLA/Chandra in 2003

Figure 5. (a) The hard (1–10 keV) Chandra X-ray light curve from August 5 (binned by 3 minute), with the shaded region denoting the time period with strictly
simultaneous VLA observations. A typical error bar is illustrated in the top right corner. (b) X-ray (black circles) and radio (red triangles) light curves during the period
of strict simultaneity. (c) Radio vs. X-ray emission. A Pearson correlation test indicates a (marginal) positive correlation at the » ´ -p 3 10 3 level. The black solid
shown shows the best-fit radio/X-ray correlation during the 93 minutes of strict simultaneity ( µ oL LR X

0.4 0.2). (d) Same as panel (b), except with the radio data delayed
by 15 minutes. (e) Same as panel (c), except with X-ray light curves re-extracted after factoring in the 15-minute radio delay. After correcting for the time delay, a
Pearson correlation test indicates a stronger correlation ( » ´ -p 7 10 5), and µ oL LR X

0.6 0.2. All X-ray fluxes are from 1 to 10 keV (in units of - - -10 erg s cm11 1 2),
and all radio flux densities are at 8.4 GHz (in units of mJy bm−1); the normalizations of the radio and X-ray light curves in panels (b) and (d) correspond to the
aforementioned units.
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Jet SED from internal shocks 307

Figure 3. Influence of the initial volume filling factor of the shells at in-
jection on the resulting dissipation (a), specific energy (b), volume filling
factor (c) profiles and SEDs in the case of a flicker noise fluctuations of
the jet Lorentz factor The full curves show the result for the baseline model
(with initial volume filling factor fv0 = 0.7) the long dashed curves show the
results for fv0 = 10−2 and the triple-dot–dashed curves for fv0 = 0.95. The
other parameters are identical to that of Fig. 2.

that many shells have a very small velocity (as small as zero). In
the non-linear method, such low values are not allowed and the
velocity is almost always mildly relativistic at least. The length of
an injected shell is l = vfv0!t. Mildly relativistic shells will have a
length ∼cfv0!t, but the slow ejecta of the linear model can have a
much smaller extension. Those slow shells are quickly hit by other
ejecta. As can be seen in panel (a) and (b) the energization of the
shells start earlier in the linear model and is more efficient, dissi-
pating a comparatively large amount of energy in a small volume.
The earlier shocks also compress the shells more efficiently (see

Figure 4. Influence of the modelling of the input fluctuations. The thick
and thinner curves show the result of simulations obtained with the ‘non-
linear’ and ‘linear’ input fluctuations, respectively (see the text). The full
curves show the results for a constant mass of the ejecta. The triple-dot–
dashed curves, almost undistinguishable from the full curves, are obtained
for a mass of the ejecta that is varying randomly and independently of the
Lorentz factor. The long dash curves show the results obtained for a constant
kinetic energy of the ejecta. The other parameters are identical to that of
Fig. 2.

MNRAS 443, 299–317 (2014)
Downloaded from https://academic.oup.com/mnras/article-abstract/443/1/299/1481346/The-spectral-energy-distribution-of-compact-jets
by University of Wisconsin-Madison Libraries user
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Emission Line Diagnostics

blueshifted Fe XXVI Ka emission from a bipolar jet would give a consis-
tent inclination angle of 58–67u and a slightly lower jet speed of 0.3c–0.4c,
the spectral resolution is insufficient to draw more concrete conclu-
sions. Therefore, until now, the only X-ray binary for which there was
unambiguous evidence for baryons in the jets was SS 433, in which
Doppler-shifted emission lines are seen in both the optical and X-ray
bands4,5. However, its persistent, supercritical accretion rate makes it
unclear how that system relates to other, more canonical X-ray bina-
ries with significantly more relativistic jets. Although baryons could be
supplied to the jets of SS 433 by its strong stellar wind, this mechanism
cannot be invoked in other, lower-mass X-ray binaries.

4U 1630-47 is a recurrent transient system. The X-ray spectral and
timing features observed during its many well-studied outbursts are
typical of other low-mass X-ray binaries, and, together with the absence
of type I X-ray bursts, make it one of the best candidates to contain a
black hole14. However, the high column density in the direction of the
system has precluded spectroscopic classification of the detected infrared
counterpart15, and a dynamical mass estimate is still lacking. The donor
star is most likely to be a relatively early-type (late B or F class) star,

similar to 4U1543-47, GRO J1655-40 or SAX J1819.3-2525, with accre-
tion occurring by means of Roche lobe overflow15. One possible explana-
tion for the non-detection of lines from other systems is that relativistic
expansion of standard X-ray binary jets would sufficiently Doppler-
broaden any emission lines to the point that their detection would be
rendered extremely difficult, even if one knew the true jet velocity and
inclination angle, and, hence, the expected redshifts16. The observed emis-
sion lines in 4U 1630-47 could then arise from the particular characte-
ristics of the jets during the poorly studied ‘anomalous’, high-luminosity
state in which they were observed.

Most previous attempts to constrain jet composition in both X-ray
binaries and active galactic nuclei have relied on energetics considera-
tions, because baryon-loaded jets can carry significant kinetic power
away from the compact central objects without radiating. In some active
galactic nuclei, the detection of circular polarization has been used to
determine the low-energy electron population, and hence to claim, on
energetic grounds, that a significant baryonic component can be ruled
out3. However, the few reported circular-polarization detections in X-ray
binaries17 were unable to place strong constraints on the jet composition.
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Figure 2 | X-ray observations of 4U 1630-47. a, MAXI/All-Sky Monitor light
curve of 4U 1630-47 (MJD, modified Julian date). The times of the
XMM-Newton and ATCA observations reported here are indicated with red
and blue dashed lines, respectively (Extended Data Table 1). b–d, 2–10-keV
unfolded X-ray spectra (flux multiplied by squared energy, shown as a function
of energy; error bars (90%) are too small to see). The first observation can be
fully described by a standard disk (b). As the source brightens to more

than 2.5 3 1038 erg s21 in the 2–10-keV band, the spectrum requires an
additional hard, power-law, component (black dot–dash line) and three narrow
emission lines (red and blue dot–dash lines) (c). Alternatively, two thermal
plasma components (bvapec in XSPEC) with a temperature of 21 keV (red and
blue dot-dashed lines) can account self-consistently for both the hard
component and the narrow emission lines (d). Model information refers to
XSPEC components.
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Figure 1 | Residuals from the continuum modelling of the X-ray spectra.
Ratio of data (90% error bars) to results of continuum model for the first
(a, XMM1) and second (b, XMM2) XMM-Newton observations. The dotted
vertical lines indicate the rest energy of the transitions of Fe XXVI (6.97 keV) and
Ni XXVII (7.74 keV). The flux ratio between the blue- and redshifted

components of Fe XXVI ranges from 1.9 6 1.1 to 2.1 6 1.3 (Extended Data
Table 3), consistent with 3.2, the ratio predicted for Doppler boosting in a
continuous jet. Assuming that the lines are Doppler-broadened by divergence
in a conical outflow29,30, we use their widths to determine an upper limit to the
opening angle of the jet of 3.7–4.5u.
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blueshifted Fe XXVI Ka emission from a bipolar jet would give a consis-
tent inclination angle of 58–67u and a slightly lower jet speed of 0.3c–0.4c,
the spectral resolution is insufficient to draw more concrete conclu-
sions. Therefore, until now, the only X-ray binary for which there was
unambiguous evidence for baryons in the jets was SS 433, in which
Doppler-shifted emission lines are seen in both the optical and X-ray
bands4,5. However, its persistent, supercritical accretion rate makes it
unclear how that system relates to other, more canonical X-ray bina-
ries with significantly more relativistic jets. Although baryons could be
supplied to the jets of SS 433 by its strong stellar wind, this mechanism
cannot be invoked in other, lower-mass X-ray binaries.

4U 1630-47 is a recurrent transient system. The X-ray spectral and
timing features observed during its many well-studied outbursts are
typical of other low-mass X-ray binaries, and, together with the absence
of type I X-ray bursts, make it one of the best candidates to contain a
black hole14. However, the high column density in the direction of the
system has precluded spectroscopic classification of the detected infrared
counterpart15, and a dynamical mass estimate is still lacking. The donor
star is most likely to be a relatively early-type (late B or F class) star,

similar to 4U1543-47, GRO J1655-40 or SAX J1819.3-2525, with accre-
tion occurring by means of Roche lobe overflow15. One possible explana-
tion for the non-detection of lines from other systems is that relativistic
expansion of standard X-ray binary jets would sufficiently Doppler-
broaden any emission lines to the point that their detection would be
rendered extremely difficult, even if one knew the true jet velocity and
inclination angle, and, hence, the expected redshifts16. The observed emis-
sion lines in 4U 1630-47 could then arise from the particular characte-
ristics of the jets during the poorly studied ‘anomalous’, high-luminosity
state in which they were observed.

Most previous attempts to constrain jet composition in both X-ray
binaries and active galactic nuclei have relied on energetics considera-
tions, because baryon-loaded jets can carry significant kinetic power
away from the compact central objects without radiating. In some active
galactic nuclei, the detection of circular polarization has been used to
determine the low-energy electron population, and hence to claim, on
energetic grounds, that a significant baryonic component can be ruled
out3. However, the few reported circular-polarization detections in X-ray
binaries17 were unable to place strong constraints on the jet composition.
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Figure 2 | X-ray observations of 4U 1630-47. a, MAXI/All-Sky Monitor light
curve of 4U 1630-47 (MJD, modified Julian date). The times of the
XMM-Newton and ATCA observations reported here are indicated with red
and blue dashed lines, respectively (Extended Data Table 1). b–d, 2–10-keV
unfolded X-ray spectra (flux multiplied by squared energy, shown as a function
of energy; error bars (90%) are too small to see). The first observation can be
fully described by a standard disk (b). As the source brightens to more

than 2.5 3 1038 erg s21 in the 2–10-keV band, the spectrum requires an
additional hard, power-law, component (black dot–dash line) and three narrow
emission lines (red and blue dot–dash lines) (c). Alternatively, two thermal
plasma components (bvapec in XSPEC) with a temperature of 21 keV (red and
blue dot-dashed lines) can account self-consistently for both the hard
component and the narrow emission lines (d). Model information refers to
XSPEC components.
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Figure 1 | Residuals from the continuum modelling of the X-ray spectra.
Ratio of data (90% error bars) to results of continuum model for the first
(a, XMM1) and second (b, XMM2) XMM-Newton observations. The dotted
vertical lines indicate the rest energy of the transitions of Fe XXVI (6.97 keV) and
Ni XXVII (7.74 keV). The flux ratio between the blue- and redshifted

components of Fe XXVI ranges from 1.9 6 1.1 to 2.1 6 1.3 (Extended Data
Table 3), consistent with 3.2, the ratio predicted for Doppler boosting in a
continuous jet. Assuming that the lines are Doppler-broadened by divergence
in a conical outflow29,30, we use their widths to determine an upper limit to the
opening angle of the jet of 3.7–4.5u.
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Winds & Clumps
4 D.S. Yoon et al.

Figure 2. Left panel:Visualization of the P3e37 simulation. Red contour surface: section of the jet boundary; blue contour surface: section of the bow shock;

yellow contour surface: surface of the star; bottom surface: slice through the temperature of the stellar wind and bow shock; vectors: stream lines sampling

the jet and the stellar wind/bow shock. Axes are in units of 1012 cm. Right panel: slice through P3e37 simulation at z = 1.17 × 1012 cm showing the structure

of the bow shock and the formation of a weak surface shock on the leading edge of the jet; top panel: five pressure contours linearly spaced between 13% and

80% of the theoretical stagnation point pressure of the bow shock; overlayed in yellow is the approximate location of the contact discontinuity; bottom panel:

2D velocity streamlines in the x-y plane showing the deflection of the wind in the bow shock and the acceleration of jet material away from the stagnation

point behind the surface shock and in the expansion wave in the down-wind region of the jet.

Figure 3. The density contour maps in x-z plane for the P1e37 (left), P3e37 (middle) and P1e38 (right) models. The P1e37 model is from YH15, in which the

considered length along the jet is an order of magnitude smaller than that of the P3e37 and P1e38 models. The vertical line up from the black hole position is

shown by yellow dashes. The thick yellow line represents the identified jet centre from simulations and the thick red line represents the analytic approximation

to the jet trajectory.

c⃝ 2015 RAS, MNRAS 000, 1–7
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Perucho & Bosch-Ramon: 3D simulations of jets in clumpy winds

Fig. 5. Axial cuts of rest-mass density (g/cm3) at di↵erent instants for jet A. Top panels stand for t = 300 s, second row
for t = 1220 s, t = 1570 s the third one, and bottom one for the last snapshot of the simulation, at t = 1700 s.

after t ' 1000 seconds. Figures 13 and 14 show the time
evolution of the interaction of the clumps with the jet. The
first clump is destroyed in the jet surface, with little dy-
namical impact on the jet. Otherwise, the second clump
triggers a shock that propagates inside the jet, although
the clump itself is also destroyed before entering into the
jet. Between the first two clumps, jet material shocked by
the second clump rises due to the local pressure gradients
in the up-wind direction. The third clump shows the same
behavior as observed in the simulation of jet B, being able
to enter into the jet before being destroyed, and generating
a strong bow shock that causes jet expansion, deceleration
and significant mass-load.

Figure 15 shows transversal cuts of axial velocity, Mach
number and density (as in Figs. 8 and 12). In this case, the
cuts are done at z ' 0.25, 0.75, 1, 1.5 and 1.75⇥ 1012 cm.
The structures are much clearer in these plots due to
the small number of clumps. At z = 0.75 ⇥ 1012 cm we
see the disrupted rests of the first clump (originally at
z = 0.3 ⇥ 1012 cm, see bottom panel of Fig. 13). Initially,
this clump crossed the shock driven by the jet in the di-
luted medium, and was disrupted at the jet surface. This
interaction already implies some loss of initial jet thrust,
which is transferred to the clump remains that become part

of the jet flow. The shock that this interaction generates is
observed as a bow-like structure inside the jet inner bound-
ary in the Mach number and density panels at higher values
of coordinate z. The next set of cuts, at 1012 cm, shows a
snapshot of the disruption of the second clump. This pro-
cess is here at an earlier stage than that of the first clump.
At z = 1.5 and 1.75⇥1012 cm, one can see the clear e↵ect of
the clump located at 1.4⇥1012 cm, which generates a bow-
like structure entering the jet and a cometary tail, crossed
by the transversal cuts, of jet dragged material (see bottom
panels in Figs. 13 and 14). The other bow-like waves, visible
mainly at x < 0 in the images, are the bow shocks gener-
ated by the interaction with the clumps upstream of this
position. At z = 1.75⇥1012 cm, the jet is dominated by the
bow-like structures triggered by the interactions upstream,
and the cometary-like tail from the third clump is seen at
x > 0 region. The faster regions of the jet are those that
have not been crossed by any of these shocks, i.e., those that
lie at the smaller values of x. The jet keeps a large velocity
in those particular regions, but it is in general e�ciently
mass-loaded and decelerated.

Overall, the picture is similar to that shown in simu-
lations of jets A and B, showing that only a few clumps
generated by inhomogeneities in the injection of the wind
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Wish List
• Emission lines:


✴ <5% resolution spectroscopy

✴ large area

✴ high dynamics range


• Constrain jet emission region:

✴ long time series

✴ easy coordination with other observatories


• Micro-blazar?

✴ look for >kHz variability


